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CHAPTER I 
INTRODUCTION 
The study and application of semiconductor phenomena has broadened the 
realm of technology. Semiconductor technology has evolved from the use of 
single element compounds to the employment of binary, ternary and even 
quaternary compounds. Our endeavors deal mainly with binary and ternary 
compounds. Compounds in the region of the periodic table have long 
been of great interest to scientists. Growth technology such as Liquid Phase 
Epitaxy (LPE), Vapour Phase Epitaxy (VPE), and Molecular Beam Epitaxy 
(MBE) have enabled the development of these compounds. 
Heterostructures, the incorporation of two chemically different semiconductors 
in adjoining layers, are products of the aforementioned technologies. 
Heterostructure application has generated great progress in thin film technology, 
allowing the growth of various superlattices. The semiconductors GaAs and 
AlGaAs have been studied extensively. These semiconductors form the 
superlattices that were studied in this investigation. The superlattices were 
grown by MBE. 
There exist many techniques for studying the properties of superlattices, but 
the far-infrared submillimeter region of the electromagnetic spectrum from 10 to 
200 cm'l has been very valuable in probing this area. This wavelength range has 
been categorized as difficult in which to work, but its performance is most important 
in the study of condensed matter. The difficulty arises in obtaining a source that 
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would produce a continuous frequency over this range. Spectroscopy requires a 
continuous frequency over a particular range. 
The research done on semiconductors by submillimeter radiation has revealed 
many aspects of their behavior. The aim of this investigation is to give us more 
insight and knowledge of the optical properties of AlGaAs-GaAs semiconductor 
superlattices through submillimeter excitation. Though there are several areas 
of optical phenomena our focus deals with the reflectivity of the phonon and free 
carrier process. 
In this study, the reflectivity spectra of seven MBE grown superlattices were 
probed. The spectra of the superlattices were transformed in order that they could 
be read by a "least square fit" FORTRAN program. The program along with the 
earlier knowledge of AJGaAs provided phonon parameters and theoretical fit curves 
to the data. These parameters and curve fits were used to analyze the properties of 
the MBE grown superlattices. Two of the more important parameters nc and p 
(carrier concentration and mobility) were emphasized in this study. The range of nc 
was .272 x 10^ cm'l to 2.94 x 10^ cm’^and for p it was 238 to 4282 cm^vW 




In early semiconductor technology, elementary semiconductors of the Group IV 
section of the periodic table were of great interest. In more recent time, compound 
semiconductors of Group III &V, and Group II & VI, have been the focus of 
studies. Compound semiconductors of composition A HI B^].x C^x presently 
lead the agenda of research. 
Semiconductors almost always have crystalline structures, the only exception is 
that of semiconducting glass. The crystalline structure that these semiconductors 
present is the reason for their semiconducting properties. Some semiconductors are 
considered quasi-periodic, meaning that every lattice point does not repeat 
itself in the crystal. There are 32 classes of crystals grouped into 7 systems: 
Triclinic, Monoclinic, Orthorhombic, Rhombohedral, Hexagonal, Tetragonal, 
and Cubic, (see Fig. 1). 
MONOCLINIC 
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• »b*c o*b#c Mb#e 





Fig. 1. Seven systems of crystals 
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The type of lattice structure that forms the semiconductors in this investigation 




Fig. 2. The zinc-blende structure of a compound semiconductor. 
The classification of crystal type helps in the understanding of semiconductors, 
but the knowledge of cohesive or lattice energies in elements is most useful. The 
definition of cohesive energy is the required energy to separate one mole of a 
crystal. Semiconductors display covalent cohesion, where electrons of each 
atom form strongly localized bonds. 
The semiconductor receives its title from the fact that its order of conductivity 
is o = 10-10 to 10^(0 cm) "1. Semiconductors fall between insulators and 
metals when their conductivity is considered. If we compare insulators, metals and 
semiconductors, we tend to observe their energy bands. In metals, the valence 
band is entirely empty allowing greater and easier free carrier response of electrons 
in the presence of an external field. In insulators, the valence band is entirely filled 
and the energy gap is wide restricting any response. Semiconductors can be viewed 
as insulators with a smaller energy gap on the order of 1 eV. Semiconductor 
conductivity is proportional to the number of electrons and holes in the conduction 
and valence band, (see Fig. 3). 
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Fig. 3. A representation of a valence and conduction band. 
The electrons of semiconductors have energies E given by 
h2k2 
Ek = 2m (1) 
These electrons form energy levels with forbidden energy gaps. The Fermi- 
Dirac distribution function, defined as the probability that an energy level is 
occupied by an electron is given by 
/(£) = (l + e(^)/tr)-'. (2) 
The probability for an electron hole is given by 1 - /(E). (3) 
The phenomena by which semiconductors exchange holes and electrons 
in the valence and conduction band can be characterized by its free carrier 
concentration and its mobility. The carrier concentration is defined as the 
total number of free electrons or free holes per unit volume in a semiconductor. 
The mobility is inversely proportional to the drift velocity of these holes and 
electrons. Carrier concentration and mobility governs semiconductor 
electrical behavior. 
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A. Phonons and Electromagnetic Radiation Coupling 
Since semiconductors are crystalline materials, they exhibit vibrational modes in 
their lattices. The lattices of a crystal vibrate when they absorb quanta of energy 
(photons) or from thermal energy . These lattice vibrations are called phonons. 
Phonon energy is defined as 
Eph = hco , (4) 
where © is the angular frequency of vibration. 
Phonons can exhibit longitudinal or transverse wave like functions. They are also, 
according to their frequency, characterized as optical or acoustical, (see Fig. 4). 
Fig. 4. Frequency and wavenumber of certain energy vibrational modes. 
In the transverse optical mode there exists a dipole moment so that phonons 
can couple to electromagnetic radiation. This is the only mode that exhibits this 
characteristic. The frequency at which phonons couple with electromagnetic 
radiation is called the " reststrahlen frequency." It is denoted by 
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(5) “T = 17^TZ)V1 » 
M 
where k is the coupling constant and M is the ionic reduced mass. For regular 
semiconductors the submillimeter range is where the frequency cof occurs. 
In submillimeter frequencies, new modes are created along with the transverse 
optical modes. These modes are created from several phonon excitations at the 
sum and difference frequencies. 
The coupling of phonons to electromagnetic radiation occurs by the absorption 
of energy from radiation and the conversion of atoms vibrational motion. In short, 
oscillating dipole moments are produced by oscillating electric fields. To relate 
this phenomena we can observe the equation of motion for a vibrating diatomic 
crystal with optical isotropy. 
mix" - Aux + Aux’ + AuE , (6) 
where x is the displacement between the positive and negative ion, m is the 
mass of the ion, Aux + Anx' are Hooke's law with damping and AnE is the 
effect of the applied electric field. 
Let us consider dielectric polarization; 
P = Ai\x + AnE . (7) 
The coefficients An, An, An, An, An are scalars by isotropic conditions. If we 






E = E<e{-,<a) 
P = Pce(-,ttt) 
If we substitute (8a) and (8c) into (6), (8a) and (8b) into (7) we obtain 
-co2Xo= A\\Xo + An{-icû)Xo + AnEo (9) 
Po — ^21X0+ A22E0 (10) 
Now if we solve (9) and (10) for Xo it yields 
AnEjo 
Xo —   
-co -Au+iaAn 
(11) 
Po - ^22 
Xo = . 
A 21 
(12) 
Equating (11) and (12) and solving for P0 gives 
n A21A13E0 
Po —  + A22E0 . 
-CO - An+icoAn 
(13) 
Using Maxwell's relation 
D = Eo+4 7iPo - EEO , (14) 
and substituting (13) into (14) we obtain 
eEo = EO + 4TI(—z K A22E0) . (15) 
-co -A\\+ica4\2 
By algebraic manipulation we obtain 
£=(\ + 4XA22) + 4TT( -~VA.13 ). (16) 
-co - An+ico4i2 
This is the dielectric response for the coefficients An, An, An, A21, A22. It is 
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written more compactly as 
E — £œ + ■ 
(Bo-a*)car2 
(17) 
cor2 - <w2 + /'fflT 
where e® and E0 are the high frequency and the static dielectric constants, T is 
the damping constant and © is the optical frequency. 
Through relations of (16) to (17) the coefficients can be obtained: 
An = -cor2 (18a) 
AM — r 08*) 




^422 =  
4 n 
(18d) 
If we generalize Eq.(17) from the diatomic linear change to a series of summed 
independent harmonic oscillators, we obtain 
E — £» + - 
SjCOj 
(19) 
j co2 + co2 - 
where Sj is the mode strength, Tj is the mode damping, ©j is the mode 
resonance frequency and n is the number of oscillators. 
If we analyze the behavior of the phonon system described in equation (17) with 
T= 0, e can be plotted, (see Fig. 5). 
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B. Free Carrier Coupling 
In ionic materials, we must account for carrier effects by considering the 
motions of 'free carriers' with the effective mass m* and time scattering t: 
mx” + (-)x' = eEoe(iaM) . (20) 
T 
If each unit volume has N 'free carriers' then 
Pf=Nex=opJHla, 
-CD +icol T 
where Pf, the polarizability, is associated with the free electrons. 
From this relation it follows that the free carrier dielectric function is 
(21) 
_ -(4nNe2/m') 
û)(û)-i / T) 
Therefore the total dielectric function using equation (17) is written as 
(So — &B)COT2 CüP2&° 
E — £»H -1- r— , 




The cûp is called the plasma frequency, because it is the frequency of a collective 
mode of electron oscillations named "plasmons." The free carrier mobility is given 
by 
(25) 
C. Reflectivity in Semiconductors 
Optical properties of semiconductors concern three topics, Absorption, 
Transmission and Reflectivity of radiation. Since the concerns of this investigation 
focuses on reflectivity, it will be emphasized. 
Consider a plane wave that is normally incident in the positive z direction on a 
semiconducting surface at z = 0. Suppose that semiconductor has a refractive 
index given as 
where er is the dielectric constant that occupies this space of positive z values. 




where Ej is the incident electric field and Er is the reflected electric field. 
If we use the identity V x E = -p0 <9H/cH, the corresponding magnetic field is given 
by 
fiocHy{z) = Ee*
T*)] - (28) 
For the region z > 0 (inside the semiconductor) the transmitted electric field is 
Ex(z) = fie1'"1 , (29) 
and the magnetic field is 
fjkcHyiz) - nEe c 1 . (30) 
At the surface, the electric and magnetic field are continuous. 
If we set (27) equal to (29) and (28) equal to (30), we obtain 
Et - Ei + Er, 
and 
n*Et = Et- Er 






Since light intensity depends on the square of the electric field, reflectivity is given 
by 
* = (34) 
1+w 
where n*= n + ik and n is the index of refraction and k is the extinction coefficient. 
Therefore we can write 
(/i-l)2 +k2 
(n + 1)2 +k2 
] • (35) 
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Since we know that n - ik = a plot of the reflectivity versus frequency can be 
illustrated, (see Fig. 6). 
Fig. 6. Reflectivity versus frequency curve. 
D. Semiconductor Superlattices 
Research on synthetic semiconductor superlattices was initiated in the late 60's. 
In 1969 Esaki and Tsu^ proposed that a one-dimensioned periodic structure 
consisting of alternating ultra-thin layers be developed. 
Two kinds of superlattices were sought after, doped and compositional. The 
basic idea involving superlattices is as follows: If characteristic dimensions like 
superlattice periods and width of potential wells in nanostructures could be reduced 
to less than the electron mean free path, the entire electron system would enter a 
quantum state of reduced dimensionality with the presence of almost ideal hetero¬ 
interfaces. 
The dielectric function of a superlattice is similar to that of single crystal, because 






where ej(co) is the dielectric function of an ith layer and dj is the thickness of the ith 
layer. 
Superlattices, of course, posses characteristics of all constituents that form the 
system. This enables the tunablility of new quantum regimes. An interesting effect 
of superlattices is that they exhibit negative resistance in their transport properties. 
Our investigation will hopefully give more insight of their optical properties. 
E. Molecular Beam Epitaxy 
Molecular Beam Epitaxy is the technique in which thin films crystallize by 
reaction between thermal energy molecular or atomic beams of constituent 
elements and a substrate surface at a raised temperature in ultra high vacuum. 
The make up of the grown epilayer and its doped level depends on the arrival rates 
of the constituent elements and dopants. The arrival rates in turn depend on the 
evaporation rates of the sources. 
MBE is different from other vacuum techniques in that it has a more precise 
control of beam fluxes and growth conditions. One advantage of MBE is since 
it is under an ultra high vacuum it can be controlled by in situ diagnostic methods 
such as reflection high energy electron diffraction (RHEED) and Auger electron 
spectroscopy (AES). 
There are two basic types of thin film growth in vacuums. They are physical 
transport and chemical transport techniques. Physical transport known as physical 
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deposition technique (PDT) uses amorphous sources to grow a compound at high 
temperatures. The source is transported through the vacuum to the substrate in the 
form of thermal beams with no chemical change. In Chemical transport, known as 
chemical deposition technique (CDT), species that contain the compound are 
transported through the vacuum and undergo chemical reactions near the substrate. 
The film is grown from the reactants in this process. 
MBE employs both of the earlier mentioned techniques. Molecular beams generated 
under ultra high vacuum (UHV) from sources of Knudsen effusion cells. 
Fig. 7. Geometry of a substrate-effusion cell system. 
Thickness uniformity as well as composition of MBE grown films depends on 
the uniformities of the molecular beam fluxes and the geometrical relations of the 
sources and substrate. If we consider the geometry of an effusion cell-substrate 
system with polar coordinates at a point P on a substrate, the number of molecules 
arriving on the substrate per unit area and per second at a point P is given by 
NP = IA(—)COSI9COS(I9+^)COS^ , (37) 
rP 
where 5 is the condensation angle and is the beam flux at the substrate center 
A. 
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The mass of species i deposited on the substrate per unit area and per second 
is 
nn{p,P)=muN{p,P) = M, (38) 
NA 
where m^ is the mass of one molecule, is Avogadro's constant and Mj is the 




















In this investigation, seven AlxGai_xAs samples with aluminum composition 
x = .22 to .27 were examined. The samples were grown at Lockheed Palo Alto 
Research Laboratories by Molecular Beam Epitaxy. As2 was provided by using 
a solid-source Varian Gen II machine with an arsenic cracker. The films were 
grown on semi-insulating GaAs wafers 5 cm wide and held at 580-620 °C. All 
the films were capped with a GaAs passivation layer. Film growth was examined 
by reflection high energy electron diffraction ( RHEED), Auger electron spectroscopy 
(AES) and X-ray methods, which exhibited crystalinity and uniformity. A commercially 
pure GaAs substrate provided data at x = 0. Fig. 9 shows the pattern of the 
superlattices and samples grown. 



























































Fig. 9. Patterns of samples grown by MBE. 
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Fig. 10. Experimental setup. 
The experimental arrangement illustrated in Fig. 10 was employed to obtain 
interferogram and then calculate spectra. A Grubb-Parson Mark II Interferometer 
along with a mercury vapor lamp as the source and a beam splitter were used to 
observe spectra. Radiation from the mercury lamp was chopped at the 
frequency of 20 Hz to provide an AC infrared flux. The detector signal was 
"locked in" to a reference frequency, by phase sensitive amplification. This 
eliminated the electronic fluctuation and background radiation. The interferometer 
and the interior of the mirror module were held under a vacuum in order to lower 
the water vapor which absorbs far-infrared radiation. The light from the beam 
splitter was passed through a polarizer onto the sample, by a front silvered 
mirror. Reflected radiation passes through a black polyethylene filter, a silicon 
window and then is detected by a Pye-Unicam Golay cell. The signal produced 
by the Golay cell is then relayed through a lock-in amplifier. After the signal is 
locked in to the 20 Hz reference it is amplified. The data was then converted and 
transcribed into the computer. This interferogram was then Fourier transformed 
into reflectivity spectra. The experiment was done at near normal incidence ( 7°) 
and at room temperature. 
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A. Computer Analysis 
Several programs were employed to analyze the spectra obtained from the 
transform interferogram. The majority of these programs were written in the 
computer language FORTRAN. The program Torm' was used to transform raw 
reflectivity data into a usable reflectivity data in the form of wavenumber, 
reflectivity and error percentage. This arrangement allows the data to be 
compatible with other programs employed. The spectra of sample A216. AVG 
is illustrated in Fig. 11. Others are illustrated in Figures 12,13, and 14. They exhibit 
reststrahlen peaks near 270 cm'l and 360 cm*l which are characteristic of the 
ternary compound AlGaAs and the binary compound GaAs. 
A216.AVG 
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Fig.14. The spectra of samples A221.AVG and A222.AVG 
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Table. I AlGaAs Fit Parameters (A = AlGaAs, G = GaAs) 
X eoo ©TG ©TA SG sA 
rG rA 
0.0 11.1 271 2.0 2.5 
0.12 10.7 272 360 2.52 0.72 5.0 8.7 
0.21 10.4 271 360 2.25 0.66 7.0 16.0 
0.34 10.2 267 361 2.10 0.87 7.3 12.0 
0.44 10.0 265 361 0.95 0.89 8.4 11.0 
0.62 9.4 260 362 0.78 1.58 9.0 10.0 
1.0 8.2 362 1.90 8.0 
In order to obtain parameters for the samples, the program 'AGcal2' was 
employed. The program incorporated plot regression algorithms from the 
graphs generator Sigma-Plot to derive parameters for certain aluminum 
composite samples. Table I list parameters from earlier research of AlGaAs- 
GaAs superlattices used in the plot regression. A few of the regression algorithms 
are as follows: 
EA = 11.026 + -2.30 x + .512 x2 (to generate eoo). 
W1A = 271.7 + -1.08x + -29.7x2 ( to generate ©JG) 
W2A = 359.1 + 6.56x + -3.57x2 (t0 generate ©TA) 
S1A = 1.976 + 9.05x + -41.5x2 + 38 2x^ (to generate SQ) 
S2A = 1.14 + -4.95x + 14.4x2 + -8.72x3 (to generate SA)- 
G1A = 2.687 + 21.3x + -18.2x2 (t0 generate TQ). 
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G2A = 3.95 + 70.3x + 156.1x2 + 89.9x^ (to generate T^). 
The program ' AGcal2' is able to generate parameters for each film in the samples. 
It can generate parameters for undoped GaAs, doped GaAs, AlGaAs-GaAs 
superlattices and even AlAs. 
Finally, after all spectra had been transformed and all parameters generated, the 
program 'Momlfitô' was used to form a theoretical curve fit. The FORTRAN language 
program incorporates algorithms of Marquardt to fit a nonlinear function. 
The procedure employs a gradient and Taylor series search to minimize x^, 
where x is the nonlinear function's weighted sum of deviation. The program finds 
the curves that produces the smallest sum of squares, i.e., the 'least square fit .' 
From equation (23) there are eight parameters to calculate a theoretical fit. In the 
Momlfitô' program, they are listed as Epsinf, Strength, WT, Gamma, Cone* l .E-18, 
Mob, M*/M0 and D(mics) where: 
Epsinf = the high frequency dielectric function. 
Strength = the mode strength. 
WT = the mode resonance frequency. 
Gamma = the mode damping. 
Cone* 1 E-18 = the carrier concentration. 
Mob = the carrier mobility. 
M*/Mo = the effective mass. 
D(mics) = the thickness micrometers. 
Since six of the eight parameters were generated and known, only two 
were varied in the 'least square fit' program. These were the Cone* 1 .E-18 




The spectra of reflectivity versus wavenumber for seven samples are illustrated 
in Fig. 15,16 and 17. The • represent the experimental measurement and — 
represents the theoretical fit. The spectra is over a range of 50 - 450 cm'l. 
The theoretical curves exhibits structures dictated by their phonon parameters and 
with the exception of A264.AVG and A260.AVG, with small deviation, are 
close (meaning that yp in the Momlfitô program was small) to the experimental 
curves. The parameters even exhibited some interference fringes in A221. AVG. 
Table II lists the carrier concentration and the mobilities for each sample. 
A216.AVG 

























































































Fig.18. Theoretical fits for A221.AVG and A222.AVG using 'Momlfitô.' 
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Carrier concentration for Superlattice 
n 
cGb 
= Carrier concentration for doped GaAs bottom film 
Gt 
Mobility for GaAs top film 
Mobility for Superlattice 
ft = Mobility for GaAs bottom film 
cGb 
If we examine each sample individually a better understanding of their behavior 
can be obtained. 
Sample A264. AVG with x = .22 aluminum composite exhibits a strong peak near 
270 cm‘l and a weaker peak near 360 cm'l, due to the fact that it is more GaAs 
29 
like . The theoretical fit exhibits these peaks but is lower in the carrier concentration 
region 50 to 250 cm* V The fit is poor for wavenumbers over 350 crn'l. This is 
probably due to the fact that lattice doping was not totally compensated. 
Sample A265.AVG with x = .25 exhibit peak heights and positions for a more 
GaAs like behavior. The theoretical fit was excellent, but was slightly off in the carrier 
region. Again this can be contributed to the non compensation of some lattice doping. 
Sample A260.AVG with x = .22 is similar to that of sample A264.AVG and the 
mediocre fit can be contributed to lattice doping compensation. 
Sample A261 .AVG with x = .25 provides a good theoretical fit with a slight shift 
in peak positions. This is most likely due to minor error in the regression algorithms. 
Sample A216.AVG with x = .252 exhibits intriguing behavior. In the carrier region 
50 to 250 cm"l the curve is low characterizing a low carrier concentration. The fit 
parameters suggest that this is due low carrier concentration in the superlattice and 
the third GaAs film. 
Sample A221.AVG with x = .23 exhibit all peaks at high carrier concentration. 
The theoretical fit revealed only a slight shift in peaks and even exhibited an 
interference fringe around 250 cm*l. The fit was virtually identical to the experimental 
measurements. 
The final sample A222.AVG with x = .27 exhibit a lower peak height at 270 and a 
higher peak at 360 cm* 1 due to the fact that it has a greater percent of aluminum. The 





The reflectivity spectra of seven superlattice samples have been analyzed. The 
spectra all display the GaAs like behavior near 270 cm*l and lower peaks for 
aluminum at 360 cm'V The theoretical fits for the samples were in agreement with 
the experimental curves. Since phonon parameters were obtained from linear 
regression, free carrier parameters were the main focus. 
If we examine the reflectivity for CdTe from Perkowitz in Fig. 19 we can 
understand about different carrier concentration. 
Curve A: n = 5.1 x 10^ cm"-*; 
Curve B: n = 4.1 x 10^ cm‘3; 
Curve C: n = 1.3 x 10^cm‘^. 
Fig.19. The reflectivity of CdTe for three different carrier concentrations. 
We now can obtain an idea of how the curve height and sample concentration 
relate. The knowledge of this when applied to the seven AlGaAs-GaAs superlattice, 
suggest that 5 of the samples should have carrier concentration around 1.3 x 10^ cm-3 
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one near 4.1 x 10^ cm'3 and one near 5.1 x 10^ cm'-V 
According to Dingle, Stormer, Gossard and Wiegman (1979) uniformly doped 
AlxGai_xAs-GaAs superlattices that are n-type and room temperature exhibit 
mobilities in the range of 1000 - 2500 cm^V^s'l and carrier concentration of 
~ 1017 to ]Q18 cm-3 Our mobilities range from 833 cm^V*!s'^(which is low) 
to 4263 cm^V'ls'l and carrier concentration from .2303 -1.63 x 10^ cm'3. 
This is in relative agreement with what is known from Dingle, Stormer, Gossard, 
and Wiegman and the aforementioned carrier comparison. 
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